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ABSTRACT 
Characterization and Control of Artificial Magnetotactic Tetrahymena pyriformis 
Sean Eugene Brigandi 
Min Jun Kim, Ph.D. 
 
 
 
Micro-scale robotic systems have drawn a great deal of interest from 
researchers for their potential applications.  Emerging areas, such as 
micromanufacturing and biosensing, look to integrate micro-scale robotics with 
biofactory-on-a-chip systems to solve engineering problems. To accomplish this 
goal, robots must be developed to work in a variety of micro-scale environments. 
This has led to the creation of artificial and biological microrobots. Artificial 
microrobots are expensive and challenging to produce as well as power. 
Alternatively, biological microrobots employ microorganisms that are easily and 
inexpensively cultured. Microorganisms also draw chemical energy from their 
surround environment eliminating the need for a power source. This makes 
microorganisms, such as Tetrahymena pyriformis (T. pyriformis), an appealing 
choice to use as microrobots. 
In this thesis, the utilization of T. pyriformis as a microrobot or cellular 
robot is demonstrated. The technique for culturing and fabricating magnetotactic 
cells is described. The experimental setup allowing for observation and control of 
T. pyriformis using magnetotaxis is presented. T. pyriformis swimming 
parameters are then characterized and applied to control the cells for engineering 
tasks. This work shows that T. pyriformis is a great candidate to be used as a 
cellular robot. 
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 INTRODUCTION CHAPTER 1:
 
In recent years there has been an increasing interest in the development of 
micro-scale robotic systems. Researchers have explored numerous ways and 
techniques to provide capable systems for micro-scale tasks. Many micro-scale 
systems have been biologically inspired or based. For effective micro-scale 
systems, it is critical to understand cellular mechanics and its interaction with low 
Reynolds number environments. Cellular swimming has led researchers to mimic 
biological motors such as flagella for bacteria-inspired microrobots. Others have 
used biological phenomena and external stimuli for micro-scale robotic systems 
such as magnetotactic bacteria. Using bacteria as well as other microorganisms as 
a power source for a microrobot has also been investigated. Furthermore, 
mathematical modeling has been used to characterize cell behavior for control of 
microbiorobotic systems. 
Micro-scale robots can provide valuable solutions to complex engineering 
problems. Cellular robots can be used for applications such as drug delivery and 
chemical sensing. Micro-scale robotic systems can aid in the manufacturing of 
nano-sized devices for in-vivo study and monitoring. Microbiorobotics has vast 
potential for creating robust micro-scale robotic systems. 
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1.1 Tetrahymena pyriformis 
 
Tetrahymena pyriformis (T. pyriformis), a eukaryotic ciliate, is a common 
fresh water microorganism with approximately 600 cilia, both oral and 
locomotive. The locomotive cilia allow the cells to develop a characteristic 
swimming behavior that is highly dependent upon physical stimuli. These cilia are 
also useful to engineers because of the diverse signaling pathways available for 
control. Each cilium’s motion is three dimensional, with the capability for a 
variety of power and recovery strokes depending upon external stimuli. Cilia 
coordination, and by consequence swimming direction, is controlled through 
electrochemical signaling across the permeable cell membrane. However, simple 
control mechanisms exist that may directly influence cilia motion. Through the 
use of taxes, T. pyriformis can be utilized for applications such as biological 
actuation or biosensing. This makes T. pyriformis a great candidate to be used as a 
microbiorobot. 
 
1.2 Low Reynolds Number Swimming 
 
 The first step to building micro-scale robotic systems is to understand 
fluid mechanics at low Reynolds numbers. In low Reynolds numbers, viscosity is 
the dominating force, as inertia plays no role whatsoever. Motion at very low 
Reynolds number, is entirely determined by the forces exerted on the organism at 
that moment and by nothing in the past[1]. Purcell’s scallop theorem says that to 
achieve propulsion at low Reynolds numbers, reciprocal motion cannot be used. 
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Purcell describes reciprocal motion as, “I change my body into a certain shape 
and then I go back to the original shape by going through the sequence in reverse. 
So, if the animal tries to swim by a reciprocal motion, it can’t go anywhere.”[1] 
The scallop theorem forms the basis of aquatic locomotion for micro-swimming 
devices[2]. 
 To create efficient propulsion at low Reynolds numbers, the mechanics of 
biological motors such as flagella and cilia have been examined. Many bacteria, 
such as Escherichia coli (E. coli) and Salmonella, have several flagella attached at 
points distributed over the surface of the cell. The flagella, which are typically 
helical shaped, rotate in a corkscrew-like motion.  While bacteria are swimming, 
the flagella come together in a synchronous flagellar bundle, which propels the 
cell[3]. For microorganisms with cilia, such as T. pyriformis and Paramecium, the 
locomotive cilium motion can be described in terms of two swimming strokes, 
effective (forward) and recovery (back). The cilia are aligned in arrays along the 
cell body and beat in a phase relationship with neighboring cilia[4]. The 
mechanics of flagella and cilia are shown in Figure 1. These biological motors are 
efficient in low Reynolds number environments and are a source of inspiration for 
microbiorobotics. 
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Figure 1: The swimming motion of bacterial flagellum and cilium. 
 
 
 
1.3 Taxis of microorganisms 
 
 For the control of microbiorobots for micro-scale applications, external 
stimuli can be utilized. Many biological microorganisms respond to stimuli such 
as, magnetotaxis (magnetic fields), galvanotaxis (electric fields), phototaxis 
(light), and chemotaxis (chemicals). Based on the characterized behavior of 
microorganisms, these taxes can be applied to produce a desired response from 
the micro-scale robot. Responses from microbiorobots can be used as a method 
for chemical detection[5] or the manipulation of objects[6]. 
 Magnetotaxis is used to change the direction of locomotion in motile 
organisms by inducing a magnetic stimulus. Two different magnetotactic 
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mechanisms, polar and axial, are found in different magnetotactic bacteria (MTB) 
strains[7]. Strains that swim in only one direction along the magnetic field are 
polar magnetotactic. These MTB always swim towards either the north or south 
direction of the magnetic field, and will only reverse direction if exposed to a 
more powerful magnetic field. They always move in the same magnetic direction, 
relative to the dominant field. Axial magnetotactic bacteria move along either 
direction of magnetic field lines with frequent reversals of swimming direction 
and make no distinction between north and south poles. The magnetic field 
provides only an axis of motility for axial MTB, while both an axis and a 
direction are specified for polar MTB. These two magnetotactic mechanisms can 
be utilized to control micro-scale robotic systems. 
 Electrical current can be used to produce directional movement of motile 
cells; this is known as galvanotaxis. Bacteria strains will only swim in one 
direction, either towards the anode or cathode. When the electric field is reversed 
the cell will turn around, so that the same end of the cell is leading towards the 
new anode or cathode[9]. Researchers have established which direction bacteria 
strains, E. coli and Salmonella will swim based on surface structure[10]. Rough 
bacteria swam towards the anode, while smooth bacteria moved toward the 
cathode. Galvanotaxis has been shown to be applicable to numerous 
microorganisms[10-12]. 
Phototaxis is the movement of an organism in response to light, which can 
vary with light intensity and direction. The organism’s reaction to light can either 
be negative or positive. Negative phototaxis causes swimming away from the 
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light source, while in positive phototaxis movement occurs towards light. There 
are two types of positive phototaxis that are observed in bacteria, scotophototaxis 
and true phototaxis. Scotophototaxis is a phenomenon found underneath a 
microscope. Once the bacterium moves outside the illuminated area, it reverses 
direction and reenters the light. In true phototaxis cells follows a gradient of 
increasing light intensity[13]. Phototactic responses are observed in many 
microorganisms such as Serratia marcescens (S. marcescens)[14] and T. 
pyriformis[12].  Similar to phototaxis, chemotaxis can either be positive 
(chemoattractants) or negative (chemorepellents) based on the cell’s motility 
response to a chemical concentration gradient.  Chemotaxis is more commonly 
used for research in biology and medicine, as there are some disadvantages for 
controlling organisms as microbiorobots. There is a significant delay in response 
and release time when compared to taxes such as photo, galvano, and magnetic. 
Also, there are challenges in the introduction and removal of chemicals as well as 
the creation of fluidic disturbances. 
 
1.4 Artificial Bio-Inspired Microrobots 
 
 Microrobots have vast potential in many engineering applications such as 
micromanipulation, microassembly, and minimally invasive procedures. 
However, locomotion at the microscopic level is challenging. One source of 
inspiration for microfluidic propulsion has been to found in motile organelles 
such as flagella[15] and cilia[16]. The capabilities of these organelles at low 
Reynolds numbers are intriguing to researchers in the design of microrobots. 
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 In recent years, mimicking flagella for purposes such as biomedical 
applications have been studied extensively[17]. It has been shown that helical 
propellers can be manufactured at the microscale[18]. Attaching the propeller to a 
thin soft-magnetic microsphere at one end creates a helical swimmer that has 
comparable shape and size to bacterial flagella[19].  The helical swimmer was 
labeled as artificial bacterial flagella (ABF). Magnetic fields rotate the swimmer 
to produce propulsive forces[20]. It was found that as size decreases, swimming 
with a helical propeller becomes more desirable[21]. The propelling force of a 
single ABF is in the range of pico-newtons. Swarm–like behavior has been 
demonstrated in which three ABF swim in a pack, showing the potential as 
manipulators for micro objects[22]. 
 In another technique to mimic flagella, it was shown that a chain of 
magnetic particles linked by DNA and attached to a red blood cell could act as a 
flexible artificial flagellum[15]. The chain of magnetic particles forms a filament. 
The filament aligns with an external uniform magnetic field and bends from side 
to side by an oscillating field. The magnetic field induces a beating pattern that 
propels the structure. The velocity and direction of motion can be controlled 
through the external fields[15]. A model was derived for the dynamics of the 
driven filament and from it; design principles were determined for constructing 
the fastest possible micro-swimmer of this type[23]. 
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1.5 Biological Microrobots 
 
 The creation of artificial microrobots creates many challenges for 
engineers. Due to the differences between the physics of the macro and micro-
scale, it is difficult to design and manufacture microrobots. The costs are great for 
the microrobots that can be constructed. Also, there is a lack of sufficient power 
sources for microrobots making them unsuitable for time-consuming tasks. Some 
researchers have turned to microorganisms such as, MTB, S. marcescens and T. 
pyriformis to be used as biological microrobots. Biological organisms are easily 
and cheaply cultured in labs with little equipment. They can draw chemical 
energy from their environment eliminating the need for external power sources. 
Microorganisms also respond to various external stimuli allowing them to be 
controlled as biological microrobots. 
 MTB are geomagnetically sensitive and orient themselves along the 
Earth’s magnetic field lines. MTB have organelles called magnetosomes that 
contain magnetic crystals, which allow them to be directed by magnetic fields. 
Magnetotaxis has been used to show the controllability of MTB by manipulating 
microbeads[24-25]. MTB has been proposed as a micro-carrier as individual MC-
1 bacteria were measured to produce a thrust of 4 pN[26]. Designs to utilize the 
thrust from a swarm of MTB to provide propulsion and steering for a microrobot 
have also been presented[27-28]. In this case, MTB are embedded in special 
reservoirs within the microrobot structure. An embedded microcircuit powered 
through photovoltaic cells is used to control the swimming direction of the 
bacteria and consequentially the microrobot. 
19 
 Another method for using flagellated bacteria as microrobot has been 
shown using S. marcescens. Negative photoresist SU-8 microstructures were 
fabricated using simple microfabrication techniques. S. marcescens are then 
blotted on the surface of the microstructure, allowing the flagella to randomly 
propel and rotate the structure without stimulus. Phototactic control is 
demonstrated by exposing ultraviolet rays to localized regions of the swarm 
bacteria[14]. Within a few seconds, exposed areas become inactive, eliminating 
random motion. When combined with galvanotaxis, the microbiorobot’s position 
and orientation can be controlled[11]. The microbiorobot could then be utilized 
for applications such as single cell manipulation[6]. 
Eukaryotes that are significantly larger than bacteria such as T. pyriformis 
have also been employed as cellular microrobots. T. pyriformis uses locomotive 
cilia for propulsion. Galvanotactic and phototactic control have been validated in 
past research[12]. T. pyriformis is also capable of internalizing magnetic iron-
oxide particles using oral cilia located at the anterior part of the cell[29]. After 
magnetization of the particles, the cell’s swimming direction can be controlled 
using magnetic fields. Using magnetotaxis feedback control with real-time path 
planning was implemented for micro-scale tasks such as object manipulation or 
transport[30]. This validates T. pyriformis as a useful cellular microrobot.   
 
1.6 Objectives and Organization of Thesis 
 
Chapter 2 will overview the culturing of T. pyriformis and the fabrication of 
artificial magnetotactic cells. This will show that cellular robots can be fabricated 
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cost-effectively. Chapter 3 focuses on the experimental system that is used for the 
study and control of the magnetotactic cells. The system is designed to track and 
manipulate cells; demonstrating control of T. pyriformis is possible with the use 
of external stimuli. Chapter 4 will present the results from attempts to characterize 
the cells swimming parameters and apply them for control. This section verifies 
that T. pyriformis is a great candidate for a cellular robot. Chapter 5 will 
summarize the contributions of this thesis and introduce future avenues of 
research to improve cellular robotics. 
21 
 MAGNETOTACTIC CELL CULTURING AND CHAPTER 2:
FABRICATION 
 
2.1 Culture and Fabrication 
 
T. pyriformis is cultured in a medium containing 0.1% yeast extract 
(Difco, Michigan, USA) and 1% Bacto tryptone (Difco, Michigan, USA) in 
distilled water[12]. The culture is maintained at 28°C in normal air conditions. 
New cultures are inoculated in a ratio of 10:1; culture medium to cell suspension. 
The cell density grows at a logarithmic rate and saturates after approximately 18 
hours. The saturated culture has an assumed cell density of approximately 104 
cells/ml[12].  
The process to fabricate artificial magnetotactic T. pyriformis is shown in 
Figure 2. First a 0.1% concentration of 50 nm spherical iron oxide particles 
(Sigma Aldrich, MO, USA) is added to the culture medium (a). T. pyriformis 
internalizes the particles through their oral apparatus located at its anterior 
end[31]. After the addition of the magnetic particles, the culture medium is gently 
agitated and then allowed to stand for about 10 minutes to ensure that most cells 
ingest the magnetite (b).  
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Figure 2:	  The procedure for fabrication of artificially magnetotactic T. pyriformis from (a) to (c). 
(a) Addition of iron oxide particles (magnetite, Fe3O4) into the culture medium. (b) Gentle 
agitation to ensure the cells internalize the iron oxide particles. (c) Magnetization of the 
internalized magnetite using a permanent magnet. 
 
 
Microscopic evaluation of the internalized particles shows that they are 
stored in membrane bounded vesicles, which are typically formed when the cell 
ingests food particles such as other microorganisms. The swimming behavior of 
the magnetite-loaded T. pyriformis is normal and identical to physiologically 
intact cells[31]. Previous research has shown that internalized small ink particles 
are released normally through the cytoproct after a few hours[32]. Figure 3(a) and 
(b) show a normal T. pyriformis cell and a T. pyriformis cell with internalized 
magnetite, respectively. The normal cell does not have any magnetite inside of the 
body and the circular vesicles are clean. However, the magnetite-bearing cell has 
dark circular vesicles, which contain the internalized iron-oxide particles. 
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Figure 3: Images of T. pyriformis (a) normal status (b) after internalization of iron oxide particles 
(c) after magnetization of internalization particles. The scale bars are 10 µm. 
 
 
To magnetize the internalized particles, a rectangular neodymium-iron-
boron (NdFeB) magnet with a surface field of 1964 Gauss (K&J Magnetics, PA, 
USA) is applied on the cell culture for one minute (Figure 2(c)). After the 
permanent magnet is removed, the strength magnetic dipoles remain nearly 
constant for over one hour; therefore, it is assumed that the internalized magnetite 
is saturated during experiments. Although the internalized particles are randomly 
distributed in the vesicles of cells before exposure to the external field, in most 
cells, the magnetization causes an aggregation of the magnetite-containing 
vesicles along the major axis as seen in Figure 3(c). It is suspected that spatial 
limitations along the minor axis of the cell result in the alignment of particles 
along the major axis. This causes the magnetic dipoles to be formed 
characteristically along the major axis when the particles are magnetized, 
simplifying the control of artificial magnetotactic cells. Due to the ferromagnetic 
24 
nature of the particles, the resulting induced magnetic dipoles in the internalized 
particles will remain even after the external magnetic field is removed, but will 
diminish slowly over a period of time[33]. 
 
 
2.2 Deciliation of Tetrahymena pyriformis 
 
T. pyriformis utilizes its cilia to swim at velocities in the range of 500-700 
µm/s. To characterize the effect of the magnetic field and particles on the 
swimming velocity of T. pyriformis, the cell’s cilia must be removed. The 
deciliation process was performed using the technique developed by Thompson et 
al[34]. Following the artificial magnetotactic T. pyriformis fabrication method 
presented in 2.1, the culture medium is mixed with 0.5mM dibucaine HCl in ratio 
of 9:1 and is exposed for 4 minutes, resulting in the loss of cilia. The 
recommended exposure time was 3-5 minutes[34], however 3 minutes resulted in 
a large number of unaffected cells and 5 minutes caused the death of many cells. 
After exposure, new culture medium in a ratio of 20:1 is added to the sample to 
facilitate the regeneration of cilia. This significantly dilutes the cell density of the 
sample increasing the difficulty of locating cells for observation. To counteract 
the dilution, the sample is centrifuged at 370 g for 5 minutes to increase the cell 
concentration at the bottom of the sample tube. A pipette is then used to extract 1 
ml of cell medium from the bottom of the tube to be used as the deciliated sample 
for study. 
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 EXPERIMENTAL SYSTEM FOR FEEDBACK CONTROL CHAPTER 3:
OF MAGNETOTACTIC CELLS 
 
3.1 Experimental Setup 
 
The system for feedback control of the magnetotactic T. pyriformis includes 
a Leica DM IRB inverted microscope, a Redlake’s Motion Pro X3 high-speed 
motion camera, a computer, a control board, two power supplies, and a set of 
approximate Helmholtz coils as seen in Figure 4(a). The camera connected to the 
microscope records images at 10 frames per second. The recorded images are then 
imported and digitized by an image-processing algorithm to track the cell’s 
motion. Based on the data from each frame, the feedback inputs are sent through 
the control board to the power supplies, which provide power to the approximate 
Helmholtz coils to generate magnetic fields in a two-dimensional system. 
The electromagnet used for this experiment is an approximate Helmholtz 
coil. Two sets of approximate Helmholtz coils are installed along the x and y axes, 
creating a maximum magnetic field strength of 2 mT at the center of the stage. 
Figure 4(b) illustrates the exerted magnetic fields by the approximate Helmholtz 
coils. Since the coils for x- and y-axes are identical, only a one-dimensional 
magnetic field is shown. The field of view through the microscope is limited to 2 
mm for each axis. The magnetic field strength within a 3.19 mm radius from the 
center is essentially constant, with a variation of only 2 percent between the 
maximum and minimum field values, so that magnetic forces are neglected and 
only the torque acting on the magnetic particles are considered. Since the 
magnetic dipoles are formed along the major axis of the cell, the net torque on the 
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cell (T) can be computed from their total magnetic moment (m) and the applied 
magnetic field (B): 
T = m x B = mBsinθ    (1) 
 
where θ is the angle between the direction of the cell’s motion, which is identical 
to its magnetic dipole direction, and the direction of the magnetic field. When the 
cell’s motion is not aligned with the magnetic field, a torque is applied to the cell 
and the cell changes direction to reduce the angle between the applied magnetic 
field and the magnetic dipole moment of its ingested magnetite aggregation. 	  
 
Figure 4: The magnetic control and vision system for real-time control of artificial magnetotactic 
T. pyriformis (a) system drawing and (b) the strength of the magnetic field in the center. Nearly 
constant magnetic field is created in the field of view. 
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3.2 Cell Tracking and Modeling 	  
To detect and track the positions of T. pyriformis, a real time tracking 
algorithm was implemented. A camera connected to the microscope captured 
sequence of images which were imported and digitized by the image processing 
program to detect positions of the cell[12]. The algorithm can track multiple cells’ 
position and orientation simultaneously. The cell displacement at each frame is 
used to calculate the velocity of each individual cell. Figure 5 shows a cell model 
for T. pyriformis. The configuration of a cell is represented by xc, yc, and θc; 
which are the x, y position, and an angle of orientation of the major axis from the 
x-axis. Translation and rotation velocities are represented by u and w, 
respectively. 	  	  	  
 
Figure 5: A schematic of the artificially magnetotactic T. pyriformis. The configuration includes 
the centroid (xc;yc) and orientation (θc) of the cell. The translational velocity and angular velocity 
are represented by u and w respectively. The angle (θm) is the direction of the magnetic fields and 
φ is the angle between the θc and θm. 	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3.3 Cell Behavior Under the Magnetic Field 	  
When the particles are magnetized, aggregations are normally observed 
along the major axis of the cell body. The polarity of the internalized magnetite 
aggregation depends on the orientation of the cell during magnetization. Thus, 
each individual cell’s polarity will be along the major axis, but some cells will be 
oppositely polarized. After magnetization, the cell can freely swim without 
magnetic fields. However, when applied, the internalized particles exert a torque 
on the cell to align its polarity with the magnetic fields. As a result, the cell moves 
toward the magnetic pole. The angle between qm and qc which is represented by φ 
described in Figure 5 creates the torque on the cell by the following equation. 
T = mBsin(θm - θc) = mBsin(φ)    (2) 
where m is the magnetic momentum, B is the strength of the magnetic field. 	  	  
3.4 Path planning by Rapidly-Exploring Random Tree 	  
The dynamics of T. pyriformis motion is nonlinear and similar to that of a 
car. When it is being controlled, T. pyriformis swims forward only and changes 
direction with a turning radius. To fully manage the motion of this cell, both 
translational and rotational velocities should be controllable. However, since we 
are only able to manipulate the rotational velocity using magnetic fields, 
magnetotaxis of T. pyriformis is not sufficient for complete control of the cell 
motion. In the case of T. pyriformis, the cell itself controls the translational 
velocity, while only the angular velocity can be manipulated by the magnetic 
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field. 
Controlling the motion of T. pyriformis is a problem similar to one found 
for a car parking-assistant system, which only controls the steering angle. For a 
parking assistant system, the translational velocity is controlled by the driver for 
safety reasons[35]. To accomplish autonomous car parking-assistance without 
controlling the translational velocity, feasible path planning is an essential 
scheme. Like a parking-assistant system, a feasible path planning scheme is 
required with feedback control to guide the cell to the desired configuration (x, y, 
θ). 	  
3.4.1 Local path planner 
 
For path planning, the basic motions are defined as translational and 
rotational motion. The translational motion is forward swimming movement 
without turning and the rotational motion is radial swimming movement with a 
turning radius. A local path is defined as translation-rotation-translation motion in 
sequence, which is described in Figure 6. Two arbitrary configurations can be 
connected many different ways[36]. However, the combinations are limited 
because a cell can only move forward; in some cases, there are no local paths, 
which connects two configurations. After finding a local path, the existence of the 
path in the field of view is checked. Since there were no obstacles in our 
experiments, collision avoidance is not considered. 
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Figure 6: The basic motions for the local path planner of RRT. Translation-rotation-translation is 
one set of basic motions. 
 
 
 
3.4.2 Global path planner 
 
To find the global path between two configurations rapidly-exploring 
random tree (RRT)[37-38] one of the fastest path planning schemes, is used. The 
RRT spreads out random nodes, which includes position (x, y) and orientation (θ). 
The nodes are connected to each other using the local path planner. Then a 
roadmap, which includes all nodes and connections, is created. When the start and 
final configurations are given, they are added as nodes on the roadmap and are 
connected to other nodes using the local path planner. Once the start and final 
nodes are connected to the map, the global feasible path can be found by 
searching the path through the roadmap. Even though the start and final nodes are 
added on the roadmap, it is possible to fail to find a path through the roadmap due 
to the absence of connections between the two nodes. In this case, the RRT 
repeats the planning process on the next time step because the system is 
controlled in real-time. Also since the translational velocity is not controllable, 
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only the start configuration of the cell is changed. Thus, instead of putting in a 
great deal of effort to connect the start and goal nodes, another path can be found 
on the next step with the new start configuration. Once the feasible path is found, 
a sequence of intermediate targets is generated on the feasible path as a trajectory. 
 
 
3.5 Point to point Feedback control 
 
Feedback control of the cell swimming direction is achieved by changing 
the direction of the magnetic field in order to guide a cell to reach a single target 
point from its current position. The strength of the magnetic field in the center is 
constant but the direction (θm) is adjusted by manipulating two sets of Helmholtz 
coils in the x and y-axes. Once the cell reaches the intermediate target, the cell 
continues to follow the next target until the cell arrives at the final configuration. 
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 CHARACTERIZATION AND CONTROL CHAPTER 4:
 
Artificial magnetotactic T. pyriformis has great potential for utilization as a 
cellular robot. The quick response time of the cell to magnetotaxis and the ability 
to control the swimming direction are ideal for microscale applications. This 
chapter presents two experiments that attempt to characterize parameters of T. 
pyriformis and apply them for control as a cellular robot. 
 
4.1 Deciliation-Regeneration Process for Cellular Robot Fabrication 
 
In this experiment, the cells are first observed both with and without an 
applied magnetic field to determine their motility rate and cell velocity. The 
motility rate is defined as the ratio of the number of motile cells to the total 
number of cells. A motile cell is defined as having a swimming velocity over 50 
µm·s−1. Samples of deciliated artificial magnetotactic T. pyriformis are observed 
for 12 hours, which is after the motility rate has saturated, and had an average of 
102 cells per observation. A low magnification (HI PLAN 4°—/0.01) was used to 
observe a large quantity of cells. The motility rate of T. pyriformis after 
deciliation is shown in Figure 7. The motility rate of the recovering T. pyriformis 
after deciliation is described as Eq. (3),  	  
m = mf (1 – e-(t/τ)2)      (3) 
 
 
 
where m is the motility rate, t is the time, mf is the final motility, and τ is the rise 
33 
time when the motility rate reaches 63 percent of mf. It is assumed that T. 
pyriformis is non-motile immediately after deciliation such that the motility rate is 
initially zero. Circle and dot markers represent the measured data of T. pyriformis 
under the magnetic field and without stimulus. The solid and dashed lines 
represent the fitted curves for cells under the magnetic field and without stimulus, 
respectively. The final motility mf and rise time τ of the fitted curves are described 
in Table 1.  
 
 	  
 
Figure 7: The motility rate of deciliated T. pyriformis over time. Circle and dot markers represent 
the motility rate of deciliated T. pyriformis under the Magnetic Fields (MF) and without stimulus, 
respectively. The dashed and solid lines represent the fitted curves for motility rate of deciliated T. 
pyriformis under the MF and without stimulus, respectively. 
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Table 1: Parameters of the motility after deciliation 
	  	  	  	  
The rise time τ of deciliated cells is 3.28 hours under the magnetic field 
and 3.29 hours without stimulus. The cell’s rise time under the magnetic field was 
slightly faster than that without stimulus. However, the difference is insignificant 
enough that the effect of the magnetic field on the regeneration process can be 
considered negligible. Also, we found that the motility rate of the fully recovered 
T. pyriformis from deciliation is about 5 to 9 percent less than that of non-
deciliated T. pyriformis, while the motility rate of the non-deciliated cells is 
approximately 95 percent due to dead and non-motile cells. The motility rate of 
both cases reaches 95 percent of the final value at 5.69 and 5.67 hours after 
deciliation. It is	  possible that some of the cells are permanently damaged during 
the deciliation process and are unable to recover from it. Another possible reason 
that cell motility does not fully recover is due to the cell’s size. The deciliation 
process may also have a stronger effect on recently divided smaller cells, than 
larger cells[34]. 
Even though the motility is recovered, the cell cannot be utilized 
effectively until its velocity is recovered. The average velocity of recovering cells 
after deciliation is illustrated in Figure 8. The circle and dot markers represent the 
average velocity of T. pyriformis under the magnetic field and without stimulus, 
respectively. For curve fitting, we used the exponential function described in Eq. 
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(4). It is also assumed that the initial velocity of deciliated T. pyriformis is zero 
immediately after deciliation. The data was fitted for the average velocity of 
deciliated T. pyriformis under the magnetic field (dashed line) and without 
stimulus (solid line). The maximum velocity and rise time of the fitted curves, 
described as Vmax and τ, are described in Table 2. 
 
V = Vmax (1 − e(−t/ τ))      (4)	  	  	  	  
 
Figure 8: The average velocity of deciliated T. pyriformis over time. Circle and dot markers 
represent the average velocity of deciliated T. pyriformis under the magnetic fields and without 
stimulus, respectively. The dashed and solid lines represent the fitted curves for average velocity 
of deciliated T. pyriformis under the magnetic fields and without stimulus, respectively. 
 
 
 
Table 2: Maximum velocity and Rise time of the average velocities after deciliation 
 
 
 
 
36 
 
As the fitted curves in Figure 8 indicate, the speed of T. pyriformis 
recovers exponentially. At approximately 0.7 hours after deciliation, the curve 
reaches an average velocity of 50 µm·s−1, which means we would expect to see a 
few moving cells. The rise time, when the average velocity reaches 63 percent of 
its maximum velocity, are 5.34 and 5.75 hours for the cell under the magnetic 
field and without stimulus, respectively, while the rise times of the motility rate 
are 3.28 and 3.29 hours after deciliation. Thus, more time is necessary to recover 
the velocity than that of the motility rate. The average velocity of the non-
deciliated T. pyriformis was measured at 457.46 µm·s−1, whereas the maximum 
velocity after the deciliation and regeneration process was about 10 percent less at 
410 µm·s−1 for both cases. 
In previous studies[34], it was reported that the cells were fully recovered 
from deciliation after a few hours. Since moving cells were just counted without 
considering their speed, the motility rate was a little higher than our results in 
Figure 7. However, we found that the velocity of recovered cells decreased about 
10 percent, even after the motility rate fully recovers. It is possible that the 
deciliation process using a local anesthetic still causes permanent damage to the 
cell, which resulted in reducing the speed of the cell. 
The velocity histogram of the recovered cells and the non-deciliated cells 
under the magnetic field and without stimulus are illustrated in Figure 9. The 
black and red bars indicate the velocity histogram of non-deciliated cells and 
recovered cells after 9 hours from deciliation, respectively. The velocity 
histogram of recovered cells has been shifted to the left from that of non-
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deciliated cells, verifying again that the velocity of deciliated T. pyriformis 
decreases, even though it has had sufficient time to recover. In addition, there is a 
peak under 200 µm·s−1 for both under the magnetic field and without stimulus that 
is higher for the recovered cells than that of non-deciliated cells. This means that 
not only the velocity of the recovered cells decreased, but also the number of 
slowly moving cells that swim under 200 µm·s−1 increased after deciliation. This 
may be also due to the damage of cells from the deciliation process. The effect of 
the magnetic field on the velocity of T. pyriformis in Figure 9 is also insignificant. 
 
 
 
Figure 9: Velocity histogram of non-deciliated (black) and sufficiently recovering T. pyriformis 
(red) from deciliation (a) without stimulus and (b) under the magnetic fields. 
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The deciliation process of the cells is affected by the exposure time and 
concentration of dibucaine HCl, which requires further investigation in future 
work. Other strains, T. pyriformis WH-14[34] and DN-B3[39], were investigated 
and it was shown that the viability and motility after deciliation is affected by 
those two factors.	  Thus, it is expected that the cell membrane can be 
functionalized properly by controlling the recovery time using exposure time and 
concentration of dibucaine HCl. In future research could plan to utilize avidin-
biotin linkages, functionalizing deciliated cell membranes and microbeads, 
simulating payload transportation. The avidin-biotin interaction has one of the 
highest known affinity constants, and the linkage is very stable[40]. Avidin also 
has four binding sites[40] that may enable avidin-functionalized T. pyriformis to 
transport several small objects or biotinylated T. pyriformis work in groups to 
move larger objects. 
The deciliation of T. pyriformis is the basis for its utilization as a cellular 
robot in many micro-scale engineering tasks. Two ideas are proposed for 
improving the effectiveness of cellular robots by functionalizing the cell 
membrane after the deciliation process. During the recovery time, magnetic 
particles or other objects such as sensors and grippers can be chemically bonded 
to the cell membrane. Magnetic particles attached to the membrane could increase 
the time of control for T. pyriformis, as the ingested magnetic particles are 
eventually released by the cell body. Attached objects can be employed to move 
structures for microassembly or for biosensing purposes. Another possibility 
includes chemically bonding a swarm of deciliated T. pyriformis to a 
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microstructure. Through the use of external stimuli, the swimming power of 
multiple cells can be harnessed to accomplish micro-scale tasks too difficult for 
an individual cell. 
 
4.2 Real-time feedback control using rapidly-exploring random tree (RRT) 
4.2.1 Manual control 	  
To observe and characterize the motion of T. pyriformis under the 
magnetic field, an experiment was conducted using manual control in a 
polydimethylsiloxane (PDMS) channel. The magnetic fields were controlled with 
a keyboard by changing the positive and negative directions on either the x- or the 
y-axis. The PDMS channel was fabricated with a depth of 80 mm to give cells 
sufficient freedom to swim while keeping them in focus for visualization. A 
single T. pyriformis cell was controlled for 90 seconds. Figure 10 illustrates the 
data only from first 15 seconds due to the readability of figures. The images were 
captured and processed at 8 frames per second. Figure 10(a) shows the trajectories 
of the cell while it was controlled to stay inside of the field of view. Figure 10(b) 
shows the direction of magnetic fields (red dot line) and the cell motion (blue 
dot), which is identical to the cell orientation. In Figure 10(b) we can observe the 
transient response of the cell orientation with respect to the change in the 
magnetic field’s direction.  
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Figure 10: Manual control of artificially magnetotactic T. pyriformis. (a) The traveled trajectory 
for the first 15 seconds. (b) The direction of the cell motion and magnetic field. The scale bar is 
100 µm. 	  	  	  
From the experiment in Figure 10, the relationship between the angular 
velocity ω and the angle ϕ, which is the difference between angles of the cell 
orientation and the magnetic fields, is shown in Figure 11. The data from the 
manual control experiment was collected for 90 seconds for reliability. In Figure 
11, it can be seen that angular velocity ω and sin(ϕ) have a linear relationship 
which means that the angular velocity also has a linear relationship with the 
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torque T from Eq. (2). 
 
 
 
 
Figure 11: The relation between the angular velocity and the angle φ, which is the angle between 
the cell motion and the magnetic fields. The slope of the regression line is 4.143 rad/sec. 
 
 
 
When the direction of the magnetic field changes, T. pyriformis needs time 
to respond. Since this experiment changes the direction of the magnetic field at a 
right angle from the direction of the cell motion (ϕ = 90°), there are many points 
around sin(ϕ) = ±1 which do not have a linear relationship with the angular 
velocity because these points represent the transient response of the cell. Thus, 
these data points should be excluded when computing the linear relationship. The 
next step in our research is to utilize system identification techniques in formally 
deriving a mathematical model for the cell dynamics using the experimental data. 	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4.2.2 Autonomous control 	  
To direct a cell to the desired position and orientation (x, y, θ) the RRT 
was implemented with feedback control. The cell was controlled in the same 
PDMS channel used in the experiment in Figure 10, and there is no physical 
obstacle or wall in the field of view. We generated 300 nodes randomly for the 
RRT in the field of view that is 2 mm by 2 mm. The total number of generated 
nodes was optimized from experiments to plan a path, which passes through at 
most three nodes from the random start configuration to the final configuration. 
For the rotational motion of the local path planner, the turning radius was 
set to 220 µm, which is larger than the minimum turning radius of normal cells. 
When the turning radius is set smaller than the minimum value, the cell cannot 
follow the radial trajectory. In addition, the minimum turning radius is difficult to 
measure because each cell’s depends on its instantaneous velocity. Thus, the 
turning radius was set to about two times larger than the average minimum 
turning radius, 100 µm, so that it allows the cell to follow the trajectory of the 
rotational motion. Once the path is generated by the RRT, the intermediate targets 
are created in sequence along the path with a certain distance, which is set to 100 
µm in this experiment. 
The whole system was processed at 8 Hz for real-time control and the 
final configurations were located in the center with different orientations. The 
current position and orientation is considered as the start configuration for path 
planning. Occasionally, the cell will not move or becomes temporarily stuck to 
the bottom of the channel. In this case, the control of the cell is considered as a 
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failure and the RRT creates a new feasible path from the current configuration. 
 
 
 
Figure 12: Real-time feedback control with the RRT. (a)-(d) show the four different cases. The red 
dot lines are the planned paths by the RRT and the black solid lines are the traveled paths of 
magnetotactic T. pyriformis. The scale bar is 100 µm. 
 
 
 
Figure 12	  shows	  four	  different	  cases	  of	  feedback	  control	  with	  feasible	  path	  planning.	  The	  feasible	  path	  was	  planned	  for	  the	  cell	  to	  approach	  the	  goal	  configuration	  with	  the	  desired	  orientation.	  The	  planned	  paths	  and	  real-­‐traveled	  paths	  are	  represented	  by	  the	  red	  dot	  line	  and	  solid	  black	  line	  respectively.	  Figure 13	  shows	  the	  direction	  of	  the	  cell	  motion	  (blue	  triangles)	  
44 and	  the	  applied	  magnetic	  field	  (black	  circles)	  in	  the	  case	  of	  Figure 12(a).	  The	  red	  reference	  line	  indicates	  the	  direction	  from	  the	  previous	  target	  point	  to	  the	  next	  target.	  The	  direction	  of	  the	  cell	  motion	  followed	  the	  reference	  line,	  which	  means	  that	  exerted	  torque	  from	  the	  angle	  between	  the	  direction	  of	  the	  cell	  motion	  and	  the	  direction	  of	  the	  magnetic	  field	  properly	  guided	  the	  cell	  to	  the	  target.	  Also,	  there	  are	  some	  transient	  responses	  after	  the	  reference	  line	  is	  changed,	  which	  is	  the	  same	  phenomena	  from	  the	  manual	  control	  experiment	  in	  Figure 10.	  	  	  
 
Figure 13: Direction of motion of T. pyriformis (blue triangle), magnetic field direction (black 
circle), and reference between previous and current targets (red line) for real-time feedback control 
of T. pyriformis. 	  	  	  
In summary, the relationship between the angular velocity and the torque 
provides a deeper understanding of the behavior of magnetotactic T. pyriformis 
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under the magnetic field. In addition, the RRT, a path-planning algorithm for 
nonlinear systems, is combined with feedback control to accomplish 3-
dimensional (x, y, θ) control of T. pyriformis. This position and direction control 
of artificially magnetotactic T. pyriformis can be used for micro-scale engineering 
work. 
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 CONCLUSION CHAPTER 5:
 
In this thesis, the utilization of artificial magnetotactic T. pyriformis as a 
cellular robot is presented. The characterization of recovering artificially 
magnetotactic T. pyriformis GL from deciliation is investigated. Dibucaine HCl, a 
local anesthetic, removes the cilia from the cell, which regenerates again in 9 
hours. However, the motility rate of the fully recovered cells is five to nine 
percent lower, and the average velocity is about ten percent slower than non-
deciliated cells. The rise time of motility rate and velocity is about three and five 
hours after deciliation, respectively. Even though the motility of the cell is 
recovered, more time is needed to fully recover its speed. The existence of the 
magnetic field, which enables the artificial magnetotactic T. pyriformis to be 
controlled, has little effect on the deciliation and regeneration process, so the 
recovered cells from the deciliation would be successfully utilized with the 
magnetic field. The deciliation process would enable us to functionalize the cell 
membrane and fabricate engineering objective cellular robots by harnessing 
manmade objects on the cell body. 
In addition, real-time feedback control and the RRT for path planning were 
implemented for the biological system. The RRT was implemented as a path 
planner because it is simple and efficient at generating a feasible path for the 
nonlinear motion of T. pyriformis. Combining feedback control and the RRT 
allows the magnetotactic T. pyriformis to travel along the planned trajectory and 
finally reach the desired position with the desired orientation. Manual control 
provided understanding of the cell’s movement under the magnetic fields while 
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real-time feedback control, with a feasible path-planning scheme, showed the 
potential of employing T. pyriformis as a cellular robot to accomplish a variety of 
significant engineering tasks in microfluidic environments. 
 
5.1 Future Work 
 
Further research includes enhancing the performance of the control system by 
developing a more detailed mathematical model that describes the dynamics of 
the cell motion. To this end, techniques can be used from system 
identification[41] in conjunction with the experimental data that has been 
obtained. With a more detailed model, the behavior of T. pyriformis will be more 
predictable. 
The deciliation of T. pyriformis also provides opportunities to improve the 
effectiveness of cellular robots by functionalizing the cell membrane after the 
deciliation process. During the recovery time, magnetic particles or other objects 
such as sensors and grippers can be chemically bonded to the cell membrane. 
Magnetic particles attached to the membrane could increase the time of control 
for T. pyriformis, as the ingested magnetic particles are eventually released by the 
cell body. Attached objects can be employed to move structures for 
microassembly or for biosensing purposes. Another possibility includes 
chemically bonding a swarm of deciliated T. pyriformis to a microbarge. Through 
the use of external stimuli, the swimming power of multiple cells can be 
harnessed to accomplish micro-scale tasks too difficult for an individual cell.  
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